The electrical properties of the strontium ferrite are reported within the temperature range 700 to 9503C and the oxygen partial pressure range between 10 ؊18 and 0.3 atm. The observed pressure and temperature dependencies of the conductivity in the brownmillerite form of the ferrite are related to the transition of the electron conductivity from the intrinsic regime, which is governed by the band gap of about 2 eV, to the extrinsic regime, which is controlled by the extrastoichiometric oxygen in the brownmillerite phase. The brownmillerite phase is shown to be a mixed conductor with the oxygen conductivity rising to about 0.1 S/cm at 850+9003C and p o 2 '10 ؊17 atm. The perovskite-like layers in the brownmillerite structure provide a possible pathway for the ion migration.
INTRODUCTION
The strontium ferrite SrFeO W is an inherently nonstoichiometric oxide. The oxygen de"cient vacancy-ordered phases Sr L Fe L O L\ , where n"2, 4, 8, and R, are known to exist in the low-temperature range (1). At temperatures above 4003C the ferrite adopts either an oxygen vacancy disordered structure characteristic of cubic perovskite SrFeO \B when the oxygen de"ciency varies between 0 and 0.5, or a rhombohedral brownmillerite SrFeO >B structure when the oxygen nonstoichiometry varies from !0.1 to 0.05 (2, 3) . The perovskite-like form of the ferrite is a recognized mixed conductor exhibiting p-type, electron (4), and oxygen-ion (5, 6) components of conductivity in the high-temperature range and at su$ciently high oxygen partial pressures p o '10\ atm. The conducting properties at lower oxygen partial pressures are poorly investigated. It is known (4) that the conductivity at 8003C increases with the pressure decrease at p o '10\ atm as expected for n-type conductors.
The objective of the present study was therefore to measure electrical conductivity and thermopower of the ferrite in the extended range of oxygen partial pressure 10\}0.3 atm and temperature interval 700}9503C and to elucidate the mechanism of the conductivity at large oxygen de"ciency.
EXPERIMENTAL
The strontium ferrite powder was made by a solid-state reaction method with appropriate amounts of high purity grade Fe O and SrCO . Mixing and grinding of the starting reagents were carried out with addition of ethanol in a Retch laboratory mill for a period of 2 h. After drying the mixture small pellets were pressed which were then calcined in air at 900}11503C for 70 h with intermittent grindings and pelletizations. The lower pellet served to protect the rest of the synthesized material from possible contamination by the crucible and was discarded. After the calcination, the pellets were ground in the Retch ultramill to the powder with an average grain size of about 1 m. X-ray powder di!raction ( "1.54178 A > ) was used to con"rm the singlephase perovskite with the tetragonal elementary unit parameters a"10.936 and c"7.709 A > (2, 3). The powder was then pressed with a 1-kbar load into pellets 20 mm diameter and 2 mm thick. The pellets were sintered at 12003C in air for 10 h. Densities were about 93% of theoretical. Rectangular bars 2;2;18 mm were cut from the sintered pellets for electrical measurements.
The electrical measurements were carried out in a special cell made of cubically stabilized zirconia (see Fig. 1 ). Two pairs of platinum electrodes were deposited on the inner and outer sides of the cell and served as the electrochemical oxygen sensor and pump. The platinum legs of Pt}Pt10Rh thermocouples were attached to the butt ends of the specimen and served as current leads or voltage probes for the simultaneous measurement of conductivity and thermopower , respectively. Two additional voltage probes for the conductivity measurements were made of platinum wire and wound to the sample with an 8-mm spacing. The cell was evacuated and "lled with a 50% O : 50% CO gas mixture. The cell enabled independent setting and control of the oxygen partial pressure around the specimen. A typical value of the pump current necessary to maintain the desired oxygen pressure inside the cell did not exceed 0.5 mA. The electrical parameters were measured with a precise Solartron 7081 voltmeter. A temperature gradient of 103/cm was used in the thermopower measurements. The electrical conductivity was measured in the &&true-'' regime, thus avoiding any in#uence of the thermal e.m.f on the measured values. The values of conductivity and thermopower were collected upon achievement of equilibrium between the sample and oxygen gas in the ambient. The criteria for equilibrium were selected changes in conductivity and thermopower less than 0.0005 S/min and 0.001 V/min, respectively. The measurements were carried out in a series of isothermal experiments. Thermopower measurements were corrected for the contribution of the platinum leads (7).
RESULTS AND DISCUSSION
The isothermal plots of the logarithm of the conductivity and thermopower versus the logarithm of oxygen partial pressure are shown in Fig. 2 . The complicated character of the curves re#ects changes both in the oxygen content and crystalline structure of the ferrite. In the high-pressure limit, the thermopower sign is positive in accord with the earlier observed p-type conductivity (4) . Also, the conductivity ( ) increases while thermopower simultaneously decreases with the pressure increase. Considering that &p and &Ln(1/p), where p is concentration of electron holes, these changes indicate that the number of hole carriers increases with the pressure increase, i.e., with the increase of the oxygen content in the ferrite. This conclusion is corroborated by the MoK ssbauer study of SrFeO \B (2), where it was shown that concentration of electron holes (Fe> ions) increases with oxygen content. There is a small cusp on the conductivity isotherms in the vicinity of p o +10\ atm, which is seen more distinctly at lower temperature. The exact position of the cusp on the pressure axis varies with temperature, i.e., it depends on oxygen content in the ferrite. As an example, the high-pressure part of the conductivity isotherm at ¹"7003C is shown with an enlarged scale in oxygen content corresponds to the transition of the perovskite SrFeO \B to the brownmillerite SrFeO >B structure. Therefore, the cusp is related to this transition. It is important to notice that the structural transition does not result in either the change of the sign of electronic charge carriers or a sharp change of their concentration as evidenced by thermopower. Further decrease in the pressure results in the appearance of nearly #at portions on the plots of conductivity and thermopower (see Fig. 2 ). X-ray di!raction patterns of the specimens quenched in a separate cell, analogous to the one depicted in Fig. 1 , from the respective values of oxygen pressure and temperature con"rms the brownmillerite structure. Therefore, there is a very weak pressure dependence of the oxygen content and, consequently, of the hole concentration in SrFeO >B in the range of p o and ¹ corresponding to the #at portions. As the pressure is decreased further, both conductivity and thermopower change sharply upon achievement of some value of p o , which depends on temperature. Although profound, these changes are not related to the decomposition of the ferrite because the quenched specimens still show the presence of the single, brownmillerite phase after the transition (see Fig. 4 ), based on X-ray di!raction. Therefore, the observed variations in electric properties are related mainly to changes in the electronic spectrum of the brownmillerite when the oxygen content approaches the ideal stoichiometric composition SrFeO . At even lower oxygen pressure, the conductivity isotherms have a shallow minima which then are followed by an increase in the conductivity as the p o decreases. Hence, there are both electron L and hole N contributions to the conductivity. Also, very large and negative values of thermopower in the vicinity of the conductivity minima serve as evidence to polarization of the specimen and demonstrate that there is a considerable contribution of the oxygen-ion conductivity, G , to the total conductivity. Therefore, the total conductivity at low p o is given by
The analysis of the pressure dependencies of the conductivity results in the expected expression for a mixed, oxygen ion}electron conductor,
where A, B and C are temperature-dependent parameters equal to the ion conductivity and electron and hole components of the conductivity at p o "1 atm, respectively. The values of these parameters at di!erent temperatures were found by "tting Eq. [2] to experimental isotherms of the conductivity in Fig. 2 in the low-pressure range of the semiconductor-like behavior (Table 1 ). An excellent match of the isotherms calculated using these parameters and the experimental data is illustrated in Fig. 5 . The temperature dependence of the obtained ion conductivity is shown in Fig. 6 with Arrhenius coordinates. The ion conductivity increases with temperature in the range 700}8503C with an activation energy equal to 1.15 eV. Similar values are observed in other perovskite-related oxides (8, 9) . At higher temperatures, the ion conductivity decreases slightly. This decrease in G explains why the total conductivity at 9503C is somewhat smaller than at 9003C in the vicinity of p o &10\ atm (see Figs. 2 and 5 ). The observed decrease in the ion conductivity may be related to partial trapping of oxygen vacancies in local clusters (e.g., Fe Fe < O G Fe Fe ), which are known in perovskite-related oxides (10, 11) . Certainly, in general, an increase in temperature results in the respective increase in the total amount of oxygen vacancies and, thus, an increase in the ion conductivity. However, increasing the vacancy concentration intensi"es the formation of clusters and therefore can progressively remove oxygen vacancies from the ion transfer process at su$ciently small values of p o even when the temperature increases. Isothermal plots of the electron}hole conductivity obtained by subtraction of the ion conductivity from the total conductivity are shown in Fig. 7 . The slopes of the conductivity isotherms to the left and to the right of the minima are close to ! and # , respectively. The appearance of the conducting electrons in the brownmillerite form of the ferrite may be explained by the loss of lattice oxygen in the low-pressure limit,
Here, K L is a constant and H L is the reaction enthalpy. Hence, neglecting the mobility activation energy for electrons the proportionality L &[e\]&p\ o follows from the equilibrium constant K L , because the oxygen content in the brownmillerite phase depends only weakly on pressure near the stoichiometry point. Therefore, the estimated electron conductivity activation energy follows as H L /2. The respective value is found equal to 2 eV (see Fig. 6 ) from the isobaric cross section in the n-type conductivity pressure range (p o "10\ atm) in Fig. 7 . Thus, the enthalpy H L is equal to about 4 eV. The hole contribution, increasing with the pressure to the right of the minima, symmetrically with an increase of the electron contribution with the pressure decrease to the left of the minima in Fig. 7 , is indicative of the internal equilibrium reaction,
FIG. 8. A schematic drawing of the proposed changes in the density of electron states N (E) in the ferrite SrFeO >B at transition from stoichiometric brownmillerite "0 to perovskite "0.5. The drawings from left to right correspond to increasing oxygen content.
Here, K G is a constant and E is a band gap. The weak temperature dependence of the conductivity in the hole-like region to the right of the minima in Fig. 7 suggests a small activation energy both for the mobility and for the concentration of holes. Neglecting the mobility activation energy and combining equilibrium constants [5] in accord with the slopes of the conductivity plots to the right of the minima in Fig. 7 . Therefore, we can infer that the near equality satis"es E ! H L /2+0. Hence, the forbidden energy gap in the brownmillerite is equal to about 2 eV. The same pressure dependence of the hole contribution in the conductivity can be obtained considering directly the oxygen incorporation reaction in the stoichiometric brownmillerite [6] from which it follows that
Here, K N is a constant and H N is the reaction enthalpy. From Eq. [7] , analogous to the derivation of the near equality E ! H L /2+0, we come to the conclusion that H N is close to zero also. More precisely, a weak increase in the conductivity with the temperature decrease at constant pressure right of the minima shows that H N is slightly negative. Thus, the oxygen incorporation in the brownmillerite structure is an energetically favorable reaction and is consistent with the experimental fact that the brownmillerite structure is able to tolerate some amount of extra stoichiometric oxygen (3). These results show that the concentration of electronic carriers is governed by the band gap when the oxygen content of the ferrite is close to the ideal brownmillerite stoichiometry SrFeO . Small deviations in oxygen content from the exact stoichiometry result in the shift of the intrinsic electron}hole equilibrium (Eq. [4] ) and the prevalence of either electrons or holes contributing to the conductivity and negative or positive values of thermopower with the loss or uptake of oxygen, respectively. Strictly speaking, the minima of the conductivity isotherms must be exactly at oxygen pressure values corresponding to zero thermopowers while, in fact, the thermopower zeros are located at slightly higher pressures. This small and decreasing with increasing temperature displacement is related to the specimen polarization because of the ionic contribution as explained above. At increasing pressure of oxygen and decreasing temperature the #at portions on the conductivity plots appear. This change can be interpreted as an indication that the conductivity acquires an impuritycontrolled character, i.e., becomes governed by the amount of extrastoichiometric oxygen in SrFeO >B . In other words, impurity-like, acceptor states appear above the top of the valence band upon incorporation of some small but critical amount of extrastoichiometric oxygen in the brownmillerite structure. The energy spacing between the impurity states and the top of the valence band should be about 0.1 eV or smaller for all acceptors to be fully ionized at the characteristic temperature of the experiment (&1000 K). Consequently, the electron conductivity on the #at portions of the isotherms in Fig. 7 is governed only by the concentration of the &&extra'' oxygen incorporated in the brownmillerite structure. It is interesting to notice that the increasing oxygen content in the brownmillerite results in a smooth increase of the conductivity, and the transition of the brownmillerite structure to the perovskite one is accompanied by only minor changes in conductivity. This demonstrates that the impurity-controlled regime of the conductivity persists at the higher oxygen content, but the impurity states form a band that merges with the valence band. From this viewpoint, the electronic properties of the perovskite SrFeO correspond to the properties of the oxide matrix SrFeO heavily doped with oxygen (see Fig. 8 ). The left-hand side of the "gure depicts a proposed band scheme for the near stoichiometric brownmillerite whereby oxygen depletion/ uptake leads to small upward or downward shifts of the Fermi level from the near mid-gap position and dominance of negative or positive carriers, respectively. Incorporation of a su$ciently large amount of oxygen in the brownmillerite SrFeO >B results in the appearance of impurity-like, acceptor states and a strong shift of the Fermi level to the position between the impurity states and the top of the valence band when there is the impurity-controlled conductivity. Further oxygen intake, up to the perovskite composition SrFeO , results in broadening of the array of the acceptor states and closing of the gap separating them and the valence band, as is shown on the right-hand side of Fig. 8 , while the Fermi level is now at the top of the presumably broad valence band, thus rendering enhanced hole conductivity. The model relates the impurity levels and electron states of the oxygen incorporated in the structure and essential p-character of electron holes. Such a conclusion is supported by recent electron energy loss studies in the solid solution SrTi Fig. 6 that the oxygen ion conductivity in the brownmillerite phase achieves values of about 0.1 S/cm at 850}9003C, which is comparable with the ion conductivity of electrolytes based on YSZ (13) and LaGaO (14) . Nonetheless, this value is smaller than "0.035 S/cm found in the perovskite phase SrFeO \B from permeation data at 8503C (5). This di!erence in the ion conductivity appears quite natural considering the di!erence in the two crystalline modi"cations of the ferrite. As a rough approximation, all oxygen ions participate in the conduction, while almost all oxygen vacancies are disordered and, thus, equally available for a jump site for the oxygen ions in the perovskite phase. Both factors contribute to the high level of the conductivity. In contrast, the oxygen vacancies are ordered in the brownmillerite phase, creating layers of iron}oxygen tetrahedra separated by layers of the vacancy free iron}oxygen octahedra, see Fig. 9 . This ordering phenomenon usually greatly reduces the ion conductivity in brownmillerite type metal oxides. For example, the oxygen conductivity of CaFeO does not exceed 0.001 S/cm at 9503C (15) . SrFeO is peculiar because the large size of the Sr> ion results in only small di!erences in the pseudocubic perovskite lattice parameters with a /(2+b /4+c /(2 (2). Therefore, some fraction of oxygen ions in the iron}oxygen octahedra can leave their regular positions and "ll structural vacancies in the layers of iron}oxygen tetrahedra in SrFeO >B . This anti-Frenkel disordering reaction may be written as
where < -and < -denote vacant oxygen positions in the iron}oxygen tetrahedra and octahedra, respectively. Two pathways for oxygen migration can be envisioned. One is related to movement of the interstitial oxygen over the structural vacancies that form one-dimensional tunnels in the layers of tetrahedra, while the second involves oxygen ion jumps over a two-dimensional network of vacancies in the layers of octahedra. The activation energy for ion jumps in the layers of iron}oxygen tetrahedra may be smaller than for the jumps in the layers of octahedra. However, the product of the redistributed oxygen concentration by the vacancy concentration (2! ), which de"nes the jump availability, is larger in the layers of octahedra than the respective value (1! ) in the layers of tetrahedra. Also, extended defects such as dislocations and grain boundaries, which inevitably are present in the polycrystalline material, greatly reduce the one-dimensional oxygen transfer. Therefore, the perovskite-like layers would appear to provide a viable pathway for oxygen migration in the brownmillerite modi"cation of the ferrite.
CONCLUSIONS
The electrical conductivity and thermopower of the strontium ferrite were measured in the temperature range 700}9503C and oxygen pressure varying between 10\ and 0.3 atm. Decreasing the oxygen pressure results in the transition of the perovskite to the brownmillerite structure below about 10\ atm. The brownmillerite form of the ferrite is shown to be a mixed conductor with the oxygen conductivity increasing to about 0.1 S/cm at 850}9003C and p o '10\ atm. The calculated oxygen #ux from a 1-mm ceramic membrane with p o /p o "0.21 atm/10\ atm is estimated to be about 3 ml/cm ) min. It is argued that the oxygen conduction takes place mainly in the perovskite-like layers of the brownmillerite structure. The electron}hole conductivity in the near stoichiometric brownmillerite phase is shown to be governed by the band gap of about 2 eV. Increasing the extrastoichiometry oxygen in the brownmillerite results in the appearance of acceptor states above the top of the valence band and marks the transition of the conductivity to an impurity-controlled regime.
